Background: Periconceptional folic acid supplementation may protect against congenital heart defects (CHDs). Identification of candidate genes in folate metabolism has suggested that the 677C!T polymorphism in the methylenetetrahydrofolate reductase (MTHFR) gene may be particularly associated with the risk of CHDs. Aim: To assess the relationship between MTHFR 677C!T and CHDs by literature review and metaanalysis. Methods: Studies were identified by searches of electronic literature for papers focussing on MTHFR 677C!T and the risk of any type of CHD. Both case-control comparisons and transmission-disequilibrium tests (TDTs) in family-based designs were included. Results: We found 13 eligible studies. Of 10 casecontrol studies, four focused on the fetal polymorphism, two studied the maternal polymorphism, and a further four investigated both. Three further
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Background: Periconceptional folic acid supplementation may protect against congenital heart defects (CHDs). Identification of candidate genes in folate metabolism has suggested that the 677C!T polymorphism in the methylenetetrahydrofolate reductase (MTHFR) gene may be particularly associated with the risk of CHDs. Aim: To assess the relationship between MTHFR 677C!T and CHDs by literature review and metaanalysis. Methods: Studies were identified by searches of electronic literature for papers focussing on MTHFR 677C!T and the risk of any type of CHD. Both case-control comparisons and transmission-disequilibrium tests (TDTs) in family-based designs were included. Results: We found 13 eligible studies. Of 10 casecontrol studies, four focused on the fetal polymorphism, two studied the maternal polymorphism, and a further four investigated both. Three further publications used a family-based association study to assess the effect of the T allele on cardiac development. Overall analysis yielded odds ratios of 1.3 (95%CI 0.97-1.73) and 1.2 (95%CI 0.83-1.74) for fetal and maternal MTHFR TT genotypes, respectively. TDTs revealed no association between fetal 677T allele and CHDs. Discussion: This relatively small meta-analysis found no substantial evidence of increased CHD risk in individuals with MTHFR 677CT and TT genotypes. Heterogeneity regarding population background, study design and type of heart defects complicates the pooling and comparison of the studies. The effect of modification by periconceptional folic acid intake should be taken into account.
Introduction
Congenital heart defects (CHDs) are a common variety of birth defect, with a prevalence of confirmed defects of approximately 1:100 living births, although this varies throughout the world. 1, 2 They account for approximately one third of all congenital anomalies, and are the single largest contributor to infant mortality attributable to birth defects. 3, 4 CHDs mainly result from incomplete development of the heart during the first 6 weeks of pregnancy. Despite the advances in diagnosis and treatment, understanding of the developmental causes and aetiologies of CHDs has been limited. In < 20% of the cases, a cause can be found, including 22 q11 deletetion, trisomy 21, and established environmental risk factors as maternal diabetes, exposure to certain drugs and infectious agents, 3, 5, 6 but the cause is unknown for the vast majority. Most CHDs are thought to be of complex multifactorial origin, with one or more alleles at a number of loci interacting with environmental factors.
Maternal multivitamin supplementation containing folic acid reduces the risk of neural tube defects, and evidence suggests that it may be associated with other reproductive outcomes, including CHDs. [7] [8] [9] [10] [11] [12] Methylenetetrahydrofolate reductase (MTHFR) catalyses the reduction of 5, 10-methylenetetrahydrofolate into 5-methyltetrahydrofolate, which is the circulating form of folate. 5-Methyltetrahydrofolate donates its methyl group to homocysteine, forming methionine and tetrahydrofolate. In the MTHFR enzyme, a common C!T substitution at position 677 (referred to as 677TT) exists, resulting in a substitution of alanine to valine, causing impaired folate binding and reduced activity of the MTHFR enzyme. 13, 14 About 10-12% of Caucasians of Northern European descents carry this 677TT genotype, and they have 25% higher homocysteine levels than those with the 677CC genotype. The effect of the MTHFR 677TT genotype on homocysteine levels is more pronounced at low folate status. 15, 16 In 1999, Kapusta et al. were the first to relate maternal hyperhomocysteinaemia to an increased risk for CHDs. 17 More recently, Hobbs et al. studied mothers with CHDs in their offspring and identified homocysteine, S-adenosylhomocysteine and methionine as the most important biomarkers predictive of case status. 18 Elucidation of an association between the MTHFR 677C!T polymorphism and CHDs might be informative about the hypothesis that the homocysteine methylation cycle plays a causal role in the development of CHD.
Studies regarding MTHFR 677C!T polymorphism in relation to CHD have yielded conflicting conclusions. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] We reviewed the literature, and evaluated the evidence as to whether such association is present, using a meta-analysis of studies on the MTHFR 677 C!T polymorphism and CHDs.
Methods
Data sources, study selection and data extraction Eligible studies were identified by searching the electronic literature (PubMed database) for relevant published reports (using the terms: MTHFR, methylenetetrahydrofolate reductase, congenital heart defects, congenital anomalies, birth defects) and by hand searching reference lists of articles on this topic. Only human studies in the English language were included in the analysis. Data were extracted from the original reports, or in the case of with the authors.
The search yielded 13 retrospective studies eligible for inclusion. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Among these 13 individual studies, 10 used a case-control design; [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] four of the ten provided data on the fetal MTHFR genotypes, 19, 20, 22, 23 two provided data on the maternal genotypes, 27, 28 and four provided data on both. 21, 24, 25, 26 The other three eligible studies used a family-based Transmission Disequilibrium Test (TDT) to calculate the transmission frequency of the putative T-allele from heterozygous parents (CT) to their CHD-affected child. [29] [30] [31] Van Beynum et al. presented both a TDT analysis and a casecontrol study. 24 
Statistical analysis
For the meta-analysis, information was extracted from each report on: the odds ratios (or risk ratio) and its confidence interval; the study designretrospective case-control-and the number of cases and controls. All odds ratios were recalculated using tabular data provided in the articles, or data provided by the authors if the complete genotype distribution was not provided. Summary estimates were obtained by taking an inverse-variance weighted average of the log odds ratios from individual studies. In our meta-analysis, we compared genotypes, using the CC genotype as the reference group, and generated separate odds ratios (ORs) for the CT and TT genotypes. Heterogeneity was assessed using standard 2 tests. For the TDT, the number of T-alleles transmitted from heterozygous parents (CT) for the MTHFR polymorphism was used, with the non-transmitted T-alleles of the heterozygous parents serving as internal controls. An OR of disease risk and its associated standard error (SE) can be obtained from TDT results using the proportion of transmitted high-risk T-alleles. This can be expressed as the number of transmitted T-alleles (M 1 ) divided by the number of transmitted C-alleles (M 2 ); (OR¼M 1 /M 2 ). The SE is then calculated using the following derived function:
The overall risk estimate can be computed from these data, as described previously. We used the statistical method described by Kazeem et al. for integrating results from the pooled case-control and TDT studies to provide a combined weighted analysis of disease-marker association. 32 We tested for publication bias using the tests for funnel-plot asymmetry proposed by Begg and Mazumdar and Egger et al.
33,34
Classification of heart defects Primarily, all CHDs were analysed together, but because of the heterogeneity of the included CHDs, associations between the polymorphism and specific heart defects could be missed. For three case-control studies focusing on the maternal MTHFR 677C!T polymorphism, data were available that enables us to perform a combined analysis for the conotruncal heart defects. The categorization of conotruncal heart defects defined by the individual studies was used.
Description of published studies
The characteristics of all included studies on the association between MTHFR 677C4T polymorphism and CHD are extensively described in Table 1 .
Case-control studies: fetal MTHFR genotypes
Studies focusing on fetal MTHFR genotypes are summarized in Table 2 . Junker et al. were the first to suggest an association between the incidence of CHDs and MTHFR 677C!T polymorphism. The authors observed a higher frequency of the 677TT genotype versus the combined group of CT and CC genotypes among children (n ¼ 114) with a CHD, compared with 228 controls. In particular, the frequency of the 677TT genotype in patients with pulmonary valve stenosis, hypoplastic left heart syndrome, coarctation of the aorta and aortic valve stenosis was significantly elevated, but the number of patients in these subgroups was rather small. 19 Wenstrom et al. analysed amniotic fluid from a small number of pregnancies complicated by any type of isolated fetal cardiac defect, They did not provide the full genotype distribution, but compared the combined group of 677CT and TT genotypes with CC individuals in samples of amniotic fluid of 26 pregnancies complicated by a CHD, and with 93 controls. They found the 677CT and TT genotypes in 35% of the samples versus 13% in controls, but the genotype distribution was not consistent with Hardy-Weinberg equilibrium in the control group. Due to incomplete data, this study was excluded from the metaanalysis. 20 Storti et al. did not observe any association between the fetal MTHFR genotypes (n ¼ 103 versus n ¼ 200 controls) and the risk of conotruncal heart defects. The CHD-affected children were included consecutively, but methods of case ascertainment and definition of conotruncal heart defects were not described. Among the cases, 11 individuals had the 22q11 deletion, which is strongly associated with conotruncal heart defects. 21 Lee et al. studied 213 patients and 195 controls. Overall, the 677TT and CT genotypes in the cases were not significantly associated with the risk of CHDs. They observed a significantly increased proportion of homozygous TT genotypes in specific subgroups of CHD patients (valvular pulmonary stenosis, n ¼ 9; or pulmonary atresia with an intact ventricular septum, n ¼ 3). Whether the CHD was isolated, or part of a syndrome or genetic defect was unknown. 22 Shaw et al. performed a population-based casecontrol study, including cases with an isolated conotruncal heart defects, defined as anomalies resulting from aorticopulmonary septation. A total of 238 cases were ascertained among 344 214 deliveries in the study period, yielding an incidence of 7 conotruncal heart defects per 10 000 births. This incidence is relatively low compared to the literature, suggesting that cases with conotruncal heart defects may have been missed. 1 They determined 32 allelic variants, including MTHFR 677C!T polymorphism, by genotyping 155 infants with conotruncal defects and 437 infants without malformations. They did not find an increased risk of conotruncal heart defects for the MTHFR 677CT or TT genotype. Analyses in that study, investigating a potential gene-nutrient interaction between maternal periconceptional vitamin use and MTHFR genotypes, did not indicate that the CT or TT genotype contributed to conotruncal heart defect risk in infants, even in the absence of maternal use of multivitamin supplements with folic acid. 23 We analysed the effect of MTHFR 677C!T variants on CHD risk in 165 children, with either conotruncal or other heart defects. The distribution of MTFHR polymorphism was not different in these children, compared to 220 healthy controls. The interaction with maternal periconceptional folic use was also investigated, for the fetal MTHFR polymorphism, no interaction was found. 24 Zhu et al. genotyped 56 cases with an atrial septal defect or patent ductus arteriosus, and 103 controls. Individuals exposed to diabetes mellitus, phenyl ketonuria, chemicals and X-ray were excluded. Data on genetic abnormalities were not given. For these two specific lesions, the fetal MTHFR TT genotype was significantly associated with increased risk of CHD. 25 Galdieri et al. analysed 58 patients with isolated CHDs and 38 controls. Further specifications of the heart defects were not given. No difference was found in the distribution MTHFR genotypes between cases and controls. The result might be influenced by significant differences in the racial background. 26 Case-control studies: maternal MTHFR genotypes Data on the MTHFR 677C!T polymorphism in mothers with a CHD-affected child were reported in six case-control studies, summarized in Table 3 .
Storti et al. were the first to study the effect of the MTHFR 677C!T polymorphism, in 103 Italian mothers with conotruncal defects in offspring versus 220 controls, and found no association. Data on periconceptional folic acid supplementation or intake were lacking, which might explain the absence of the possible detrimental action of MTHFR 677C!T polymorphism. 21 In the Hordaland homocysteine study, a population-based cohort of women were genotyped for the MTHFR 677C!T polymorphism, and this was linked with their 14 492 pregnancies as recorded in the Medical Birth Registry of Norway. They did not find an association between the polymorphism and CHDs. In that study, the incidence of CHDs was very low, with only 25 CHD cases among the 14492 pregnancies. The low incidence of 1.7 per 1000 is probably due to under-registration because the birth registry covered only until the first 8 days of life, and consequently missed many heart defects that were diagnosed after this period. Furthermore, information concerning periconceptional folic acid use was not available. 27 Hobbs et al. did not find an independent effect of the MTHFR 677C!T polymorphism in 275 women vs. 118 controls on the estimated risk of having a CHD-affected pregnancy. This study was done after the introduction of food fortification with folic acid. Additional use of folic acid or folic-acid-containing multivitamins during the periconceptional period was not significantly different between cases and controls. 28 Overall, we did not observe an association with the maternal MTHFR variants, but we found that the MTHFR 677CT and TT genotypes of the mother, when combined with no use of periconceptional folic acid supplements, appeared to be a risk factor for CHDs in offspring, especially for conotruncal heart defects. 24 Zhu et al. found only an association between maternal TT genotype, compared with CT and CC genotypes, with the occurrence of persistent ductus arteriosus in offsprings. 25 Galdieri et al. observed no difference in genotype distribution among 47 women and 26 controls. This was a relatively small study with different racial background. 26 In both studies, the effect of periconceptional folic acid supplements was not investigated. Whether the cases with persistent ductus arteriosus were premature babies is unknown.
Family-based case-parental studies
Four family-based association studies were published, assessing the transmission distortion of the putative T-allele in 761 complete triads (Table 4 ). In two of these studies, a log-linear approach was used to analyse for asymmetric distribution of the variant T-allele for the maternal MTHFR genotype.
Pereira et al. found no association between this locus and CHDs in a relatively small group of patients (n ¼ 91) and parents (n ¼ 147). Very limited data on study design, case ascertainment and CHD specification were given. Data on the number of transmitted and non-transmitted T-alleles were not available, therefore this study was excluded from the meta-analysis. 29 Mc Bride et al. analysed 197 complete trios using the TDT. No significant relation was found between MTHFR 677C!T polymorphisms and the presence of a congenital left-sided heart malformation. A log-linear analysis did not find increased relative risk based on the maternal genotype. The study was performed after folate food fortification. 30 In 375 nuclear families, with non-syndromic septal, conotruncal, or right or left-sided obstructive CHD diagnosed, Hobbs et al. did not observe a distortion in the transmission of the 677T allele, nor was there evidence of a parent-of-origin effect. 31 In our study of 133 triads, the TDT revealed no association of the fetal 677T allele with the development of a heart defect. 24 
Data synthesis and meta-analysis
Case-controls studies: fetal MTHFR genotypes Data were obtained from eight case-control studies, including a total of 882 cases with any type of congenital heart defect and 1511 controls. In seven of these case-control studies, we had access to the full genotype distribution, which enabled us to perform a meta-analysis. 19, [21] [22] [23] [24] [25] [26] Using the CC genotype as the reference category, we computed summary odds ratios for the heterozygote variant CT genotype (OR 1.0, 95%CI 0.84-1.23) and for the homozygote variant TT genotype (OR 1.3, 95%CI 0.97-1.73). There was no evidence of publication bias using the Egger method (p for bias 0.76) or Begg's test (p for bias 1.0).
Case-controls studies: maternal MTHFR genotypes
Data on the MTHFR 677C!T polymorphism in a total of 664 mothers with a CHD-affected child and 15 191 controls was reported in six case-control studies. 21, [24] [25] [26] [27] [28] Combining these six studies, the estimated odds ratios comparing CT with CC, and TT with CC, were 1.0 (95%CI 0.79-1.31) and 1.2 (95%CI 0.83-1.74), respectively. Three studies gave the genotype distribution among individual heart defects or a group of defects. 21, 24, 28 Analysing subgroups of conotruncal heart defects revealed ORs of 1.0 (95%CI 0.71-1.47) and 1.3 (95%CI 0.81-2.19) for the maternal CT genotype and the TT genotype, respectively. The Egger method (p for bias 0.87) and Begg's test (p for bias 0.85) revealed no evidence of publication bias.
Family-based case-parental studies
Of the four family-based association studies, three were included in the meta-analysis, revealing a summarized OR of 0.9 (95%CI 0.79-1.12). The odds ratio for the joint analysis of TDT and fetal case control studies was 1.1 (95%CI 0.94-1.29).
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Discussion
We have reviewed, and performed a meta-analysis of all published studies on associations between single nucleotide polymorphism (SNP) of the 5,10-methylenetetrahydrofolatereductase (MTHFR) gene and congenital heart defects.
The data published thus far do not provide strong evidence for an association between CHD risk and the MTHFR 677C!T polymorphism, Additional use of folic acid supplements had no effect.
either in mothers or in their offspring. Some individual studies observed an association for the fetal and/or maternal MTHFR 677C!T polymorphism with different CHD types, or with a subgroup of heart defects. 19, 20, 22, 24, 25 The absence of an overall significant association might indicate a real negative observation, but there are several important factors underlying the inability to find and to replicate gene-disease associations. Methodological and statistical issues are differences in study design, inadequate sample sizes, confounding from population structure, inadequate control selection, publication bias, allelic heterogeneity, and true heterogeneity in gene-disease associations, misclassification, variety of outcome parameters, and lack of information on potential effect modifiers, e.g. the introduction of food fortification with folic acid and periconceptional use of folic acid supplements. Which factors may contribute to the inconsistency between studies and to the inability to find a risk effect of MTHFR 677C!T polymorphism on the complex trait of CHD will be discussed below.
Publication bias concerning the MTHFR 677C4T polymorphism in relation to CHD appeared to be low. Both positive and negative studies are published, and formal testing revealed no evidence of publication bias. Hopefully negative results will still be accepted for publication in the future, or else alternative ways of publishing negative studies should be provided.
One problem is the use of different study designs, which might aggravate the comparison of outcome and reduce the sample size of the pooled data. The case-control design is sensitive to population stratification due to different genetic populations. A useful robust method to confirm gene-disease associations detected in case-control studies is the TDT approach. 35 Regarding the fetal MTHFR genotypes, the TDT results might provide stronger evidence for a real negative association observed in case control studies. In our opinion, both strategies are useful to explore the MTHFR 677C!T polymorphism in relation to CHDs in offspring. For case-control designs, population stratification should be controlled by a proper selection of cases and controls from the same demographic background.
Serious study of genetic associations with complex diseases, as with CHDs, will need far larger case-control collections than are typically available to researchers at present. 36 A total number of 13 studies focusing on MTFHR 677C!T polymorphism and CHD risk, with relatively small individual studies, yields insufficient power to draw definite conclusions. To detect a small underlying size effect of the different MTHFR genotypes, even the meta-analysis is underpowered, because for small effects the required sample size will be very large. Furthermore, the detrimental effect on the developing embryo might be related to the polymorphism in the fetal or in the maternal genotype, or in both. A single focus on either the fetal or the maternal genotype makes the power of the pooled data even weaker. Together with the small sample sizes of the individual studies, the combined data lose further power.
Another important point is the broad heterogeneity of heart defects, which also complicates comparison of results. A potential link between MTHFR 677C!T polymorphism and a CHD could be missed if only a specific group of heart defects are studied. Cardiac development is a complex process in early embryonic phase, and the true morphogenesis of the heart is still not completely unravelled. The pathophysiological mechanism of CHDs is even more uncertain. Due to the relatively low prevalence of single heart defects, and for power reasons, most studies grouped the heart defects together as left-or right-sided heart defects, or conotruncal and other heart defects. Misclassification of outcome might even further weaken the association with the genotype. There is a need for use of uniform definition and classification of varies types of CHD. Furthermore, the sample sizes need to be large to estimate accurately the causal relationship for finer phenotype categories of CHD.
A further complicating issue is the geographical and demographical variability; the studies were carried out in seven different countries, including populations from North America, South America, Europe and Asia. There might be a true variability in gene-disease association, but more important are the differences between these populations concerning the potential effect modifiers. Differences in the level of susceptibility of individuals to potentially adverse effects of environmental influences due to MTHFR polymorphism may be an important contributor to the presence or absence of this gene-disease association. Maternal life style and nutritional factors and exposure to several drugs early in pregnancy seem to contribute to the complex aetiologies of CHDs. 4, 37, 38 Foremost among these factors is the periconceptional use of vitamin supplements containing folic acid and food fortification with folic acid. There is substantial evidence that increased folic acid intake plays an important role in the prevention of CHD. Observational studies have demonstrated an association between periconceptional use of multivitamins containing folic acid, and a reduction of CHD, both conotruncal and other heart defects. [7] [8] [9] [10] [11] [12] Additional support for the importance of folate in CHD risk reduction was provided by Hernandez-Diaz et al. 39 Their study showed that periconceptional intake of medications acting as folic acid antagonists, including anti-epileptic agents and the group of drugs consisting of dihydrofolate reductase inhibitors, doubled the risk of cardiovascular defects (i.e. conotruncal defects, ventricular septal, and other cardiovascular defects) (OR 2.2, 95%CI 1.4-3.5).
In experimental animal model systems, limiting availability of folate to the developing embryo by inactivating the folate transporter, or a defective folate receptor, increases the risk of several CHDs, such as improper septation, persistent truncus arteriosus, and double-outlet right ventricle. 40 The availability of folate also plays an important role in the methylation cycle in each cell of the human body, except for red blood cells. For the preventive effect of folic acid on neural tube defects, the so called methylation hypothesis has been developed, which suggests that folic acid stimulates cellular methylation reactions. 41 A comparable mechanism might be present for folic acid in relation to the prevention of CHDs. MTHFR has a unique position in folate metabolism, as it makes one-carbon units available for methylation reactions at the expense of purine and thymidine synthesis.
The importance of the MTHFR 677C!T polymorphism and folate metabolism lies in the large number of reactions that may impact embryonic development in which the enzyme is involved. The presence of a gene-environment interaction, resulting in altered susceptibility, exist with respect to the MTHFR 677C!T polymorphism. Consequently, the MTHFR 677C!T homozygous genotypes (TT) and possibly the heterozygous mutant genotypes (CT) are more likely to be related to CHD risk in the absence of periconceptional folic acid supplementation. We found such an interaction for the maternal MTHFR 677C!T polymorphism in relation to CHD when the mother did not take folic acid periconceptionally. The maternal MTHFR 677CT and TT genotypes in combination with no use of periconceptional folic acid supplements were associated with, respectively, a three-fold (OR 3.3 95%CI 1.46-7.32) and six-fold (OR 6.3 95%CI 2.32-17.27) increased risk for conotruncal heart defects in offspring. 24 The studies, included in the metaanalysis and performed in the non-folate-fortified countries, did not investigate this gene-environment interaction. Information regarding dietary folic acid intake and the use of periconceptional folic acid supplement was often unknown. Therefore the role of folic acid supplementation in relation to the MTHFR 677C!T polymorphism should be studied extensively.
In the US, fortification of flour and other enriched grain products with folic acid has been compulsory since 1998. 42 The North American studies in the meta-analysis, except for one, were performed after the introduction of food fortification. A higher dietary intake of folic acid has been shown to be effective in increasing folate concentration in both serum and red blood cells among women of childbearing age since that period. 43 The absence of a detrimental effect of MTHFR 677C!T polymorphism on CHD risk, in the North American studies, might be due to this policy.
In this paper, we have reviewed all published studies focusing on the MTHFR 677C!T polymorphism and the risk of giving birth to an infant with a CHD. Our meta-analysis, including 13 studies, reveals no significant association between MTHFR 677C!T genotypes and CHD risk. In our opinion, these studies are heterogeneous with regard to population background, study design, and type of heart defect, and are also relatively small. Moreover, the effect of periconceptional folic acid supplementation, which potentially modified the relationship between MTHFR 677C!T polymorphism and CHD risk, was frequently not studied. Further studies are warranted to enable definite conclusions on the MTHFR 677C!T polymorphism and CHD. For such studies, sample sizes need to be large, to accurately estimate the causal relationship for finer phenotype categories of CHD. Whether the MTHFR 677C!T polymorphism is only a risk factor in the mother, or in the fetus as well, also needs to be further studied. The effect of potential effect modifiers such as periconceptional folic acid intake also has to be taken into account. Ideally, such studies will be performed in countries where food fortification with folic acid is not yet the norm.
